A previous theory for the current noise associated with carrier generation and recombination in the space-charge region of p -n junctions is recalculated for the case of a highly asymmetrical distribution of dopant impurities. We propose a model based on the true concentrations of electrons and holes and electric field in the space-charge layer. Carriers coming from the highly doped region create a layer of mobile charge in the depletion region of the less-doped zone. This charge, usually studied under forward-bias conditions, is neglected under reverse voltages. We have demonstrated that this mobile-charge layer, although located in a very tiny region compared to the width of the space-charge layer, is crucial in the study of charge fluctuations stimulated by generation-recombination centers. Experimental results have been successfully reproduced with our theory for reverse-biased p ϩ -n diodes with deep centers located close to the metallurgical junction.
I. INTRODUCTION
Semiconductor p -n junctions have been studied for decades. In fact, it has been very recently revisited by Laux and Hess to solve flaws in existing analytical theories. 1 These authors mentioned that it might seem incredible to claim new analytical results for the commonly investigated p -n junction. We can add that all parameters related to the junction or any characterization technique of this device have been extensively analyzed. [2] [3] [4] [5] [6] Despite this, there are still certain combinations of these parameters that make the junction unsatisfactorily understood, especially when particular characterization techniques are used. This is the case, as we present throughout this work, of a junction with the following characteristics. ͑i͒ A highly asymmetrical junction: the presence of the lightly doped region yields operational characteristics that are very desirable for many applications, such as power semiconductor devices for high-voltage operation, 7, 8 photodetectors to enhance photon absorption, 9 or microwave switches, in which they make the resistance value high under reverse bias. 10 ͑ii͒ The presence of defects not homogeneously distributed, such as those created during processing of the junctions or during particle irradiation. 11, 12 ͑iii͒ Junctions subjected to low-frequency noise measurements, widely used as a powerful diagnostic tool for the characterization of the quality of electronic materials and devices. [13] [14] [15] [16] In a previous work we presented an analytical expression for the low-frequency noise associated with carrier generation and recombination in the space-charge region of p -n junctions. 17 Different p -n junctions were analyzed at several temperature and bias conditions. Experimental measurements of uniformly doped step junctions with homogeneously distributed deep centers were satisfactorily reproduced with our theory. In an attempt to extend the study to other cases, such as highly asymmetrical junctions and defects localized in certain regions of the semiconductor, we tried to reproduce the noise measurements for this type of samples, extracting nonrealistic parameters. Analytical junction theory was reconsidered in these particular cases and then applied to our noise theory. A new expression for the generation recombination noise in highly asymmetrical junctions has been derived as a function of basic device parameters.
The aim of the present work is to show, first, that there exist electrical differences between p -n junctions with different relative doping concentrations that have not been noted before ͑Sec. II͒ and second, that these differences can be important when certain physical phenomena related to this electrical behavior must be interpreted in the junction, such as the response of the current junction when a trapped charge fluctuates in the depletion region ͑Sec. III͒. Finally, we propose to explain the experimental results measured in samples that fulfill the above conditions ͑Sec. IV͒.
II. THEORY
Depletion approximation has commonly been used in the study of reverse-biased p -n junctions, and on many occasions the results have been compared to the exact solution. If the true concentrations of electrons and holes in the spacecharge layer are taken into account, the exact solution shows that the holes are spilled over or transferred to the n-side of the p -n metallurgical boundary. The electrons behave in a similar way, flowing in the opposite direction. The presence of a tail of mobile charges in the space-charge region makes its boundaries x p and x n ill-defined. This effect is called Debye tailing, and the Debye length L D gives a measure of the penetration of mobile charges into the depletion region. The spillover of the electrons and holes into the space-charge layer lowers the maximum of the electric field. 6 However, this is only true when the difference between the doping concentration of the n-and p-sides is not too large. To show this, we will focus our attention on a reverse-biased, highly asymmetrical p ϩ -n junction. Different relative values of the donor concentration N D , to the acceptor concentration N A , are used to compare results. In order to avoid complexity, we consider in this section one-dimensional, uniformly doped step junctions. The metallurgical junction is located at x ϭ0, the p-region in the negative values of x, and the n-region in the positive axis. The depletion width extends from x ϭx p to xϭx n .
A simulator employed by the authors in previous studies [17] [18] [19] was used to compare the actual distribution of the electric field in a p -n junction to that obtained when the depletion approximation is used. This comparison is depicted in Fig. 1 Ϫ3 . The first figure shows a well-known result commented on many textbooks; a similar figure can be seen in Ref. 6 . The exact solution ͑solid line͒ provides a lower electric field in the whole depletion region, except at its edges. On the contrary, if case ͑b͒ is analyzed, a peak in the metallurgical junction is found in the exact solution ͑solid line͒ that exceeds the one obtained with the depletion approximation ͑dashed line͒. In the rest of the junction the result is similar to case ͑a͒.
This peak at the metallurgical junction can also be found analytically by solving the Poisson equation in the spacecharge region of a reverse-biased junction without imposing the depletion approximation. Since donor doping is much lower than acceptor doping, holes are not neglected in the p-region or in the n-region. The electron concentration n would not be negligible only at the border x n of the spacecharge region, which, in the case of p ϩ -n junctions, is far from the region of interest, the metallurgical junction. With these assumptions, the Poisson equation in the depletion region can be written as
where ⑀ s is the dielectric constant of the semiconductor. Relating the hole concentration p in a point x to the potential V at this point:
Eq. ͑1͒ is rearranged:
Eq. ͑3͒ can be integrated from the borders of the depletion region resulting:
where V R is the applied voltage, V bi the builtin potential, and the zero potential has been fixed at x p . Imposing continuity in xϭ0, the value of the potential at the metallurgical junction V(0) can be calculated. To compare Eq. ͑4͒ to that obtained under depletion approximation, the relation E(V) is evaluated in a reversebiased junction (V R ϭϪ20 V) for different values of the donor concentration N D while maintaining N A at a constant value of 10 19 cm Ϫ3 . The results are shown in Fig. 2 . Although the potential along the junction, V(x), varies from zero to V bi ϪV R , a smaller range is represented in this figure in order to highlight the differences. Fig.  2͑a͒ this corresponds to the curves where a peak in the electric field is observed͔. This fact indicates that holes penetrate the n-side of the depletion region, even at this high reverse voltage, and a new variable x i should be defined in order to measure the extent of the mobile charge in this region.
To spatially locate this peak, numerical calculation must be used. In Fig. 2͑a͒ a comparison of the analytical results with our numerical calculation is also shown for N D ϭ10 13 cm Ϫ3 . An exact agreement is also obtained for the other four cases, not shown in the figure in order to avoid confusion. The localization of the peak surrounding the metallurgical junction for the sample with N D ϭ10
13 cm Ϫ3 and V R ϭϪ20 V is shown in Fig. 3 . The total extent of the depletion region can also be seen in the inset of this figure. The peak of the electric field is centered in a tiny region compared to the total width of the space-charge region, although its value is six times as much as the maximum field with the depletion approximation. At first glance this region and its effects may seem to be negligible. In order to clarify this perception it is illustrative to show the distribution of charge density in the junction. In Fig. 4 the net-charge density is represented for the same junction as considered in Fig. 3 . Two types of charges can be distinguished: the positive mobile charge located in the same position of the electric field peak, at the metallurgical junction, and the fixed charge of the ionized dopants, which constitute the space-charge region ͑negative in the p-side and positive in the n-side͒, and surrounds the former. Representations of the hole and electron concentrations along the junction confirm that the charge present at the metallurgical junction is mainly due to holes that are transferred from the p-to the n-side, and their concentration diminishes gradually. Thus, the border between the mobile-charge layer and the depletion region in the n-side is defined at a point where the hole concentration is lower than the intrinsic-carrier concentration, and this point is named x i . We again note that the junction is reversebiased. The depletion-region width in the n-region is clearly larger than the mobile-charge layer; however, the value of the fixed-charge density in the first region ͑inset in Fig. 4͒ 
13 cm Ϫ3 ). Inset: distribution of the electric field throughout the entire depletion region.
FIG. 4. Distribution of net charge density in a reverse
The inset shows the value of the charge density in the n-side of the depletion region, several orders of magnitude lower than at the metallurgical junction.
the rest: the extent of the depletion region and the value of the electrical magnitudes outside the mobile-charge layer have the same values under the depletion approximation as under the exact analysis. To the best of our knowledge, no mention has been made in the literature related to the behavior of the electric field near the metallurgical junction when a p ϩ -n junction is analyzed. In fact, the storing and flow of mobile charge in the space-charge region of PIN diodes have been studied in several electronic areas. We can cite some examples such as PIN diodes found in power electronic circuits, where transient behavior is extremely important, 7, 8, 11 and in microwave circuits. 10 The region where this peak appears is small enough compared to the total width of the space-charge region as to presume that its effects are also negligible. Nevertheless, we can foresee that the presence of this mobile-charge layer will be very significant when the junction is exposed to fluctuating conditions such as changes in the charge trapped in deep levels in the depletion region. The reason is that it must contribute to the total redistribution of charge in the device. Before solving this problem, since this is the second goal in this work, a simple but noteworthy task is to show how these layers change when the bias voltage is modified. Opposite tendencies of the depletion layer and the mobile-charge layer are observed in Fig. 5 when the reverse voltage is modified. A logarithmic scale is used to make these differences noticeable. When the reverse voltage is increased, the width of the depletion region also increases; however, the greater the reverse voltage, the smaller the mobile-charge layer: the potential barrier is higher, allowing less holes to flow from the p-side to the n-side. In the case of forward-biased junctions, the mobile carriers can occupy a large part of the depletion region. In PIN diodes, operating at high voltages, they can cover the whole intrinsic region. 7, 8 
III. CHARGE FLUCTUATIONS IN A p ¿ -n JUNCTION
As we mentioned in the introduction, the next step is to study how a fluctuation of the trapped charge in deep levels inside the depletion region affects, first the different charge layers of the junction, and second the current flowing through the junction. No distinction is made between reverse-or forward-biased junctions, since the only difference is the extension of the depletion region and the mobilecharge layer. The deep levels can be induced by the thermal diffusion of impurities, by techniques such as proton implantation, particle radiation in general, or spontaneously generated during the processing of the samples. Therefore, we assume in general a nonuniform distribution concentration N T (x) in the semiconductor. An arbitrary dopant-impurity profile is also considered in the junction, not necessarily abrupt. In a recent work 17 we derived an analytical expression for the generation-recombination ͑g-r͒ current noise density in a p -n junction. In that work the dopant concentrations in both sides of the junction were of the same magnitude, and thus no mobile-charge layer was present. In the structure now considered, the dopant concentrations are very different, and this layer, located between the metallurgical junction and the point x i , will play a significant role.
Let us consider a fluctuation in the concentration of electrons trapped in a deep level, ␦n T , in the interval ͓x 0 ,x 0 ϩ⌬x 0 ͔ of the space-charge region. Two cases can be considered to be related to the border of the mobile-charge layer: would produce the opposite increments in the semiconductor, although the same results would be reached. The variation of the net-charge density can be formally written as ⌬͑x ͒ϭ
Imposing the neutrality condition, all these changes are related:
In a highly asymmetrical junction, the space-charge region mainly lies in the low-doped side. The variation of the border x n , ⌬x n , is the largest due to the low doping of this region. However, for the same reason, a low variation of the charge density could be expected, as can be extrapolated from Figs. 4 and 5. Although the fixed negative charge located in the p-side, and the mobile positive charge in the n-side, are confined to very small regions, the value of the charge density in these locations is much higher than that in the depletion region of the n-side. Analyzing pairs of values (␦n T ,x 0 ), we calculated the products charge-density times layer-width variation: (x p )•⌬x p , (x i )•⌬x i and (x n )•⌬x n at the points x p , x i , and x n respectively, proving that the term (x n )•⌬x n is negligible compared to the other two terms, as predicted in Fig. 4 . Therefore, Eq. ͑6͒ can be written as
A modification of the charge density must also follow a variation of the electric field. The new electric field including the effect of the fluctuations is
Subtracting the electric field without fluctuations from Eq. ͑8͒ gives:
͑9͒
The fluctuation of the electric field through the depletion region ͑see Fig. 6͒ can be obtained from Eqs. ͑9͒ and ͑5͒:
⌬E͑x ͒ϭ
Introducing Eq. ͑7͒ in Eq. ͑10͒ the variation of the electric field is negligible for xϾx 0 ϩ⌬x 0 , and thus the variation of the electric field in the region x i ϽxϽx 0 can be approximated by
In the second place, if a positive charge fluctuation, ␦n T , takes place at points x 0 Ͻx i , the redistribution of charge is similar to the first case, resulting in negative variations of ⌬x n , ⌬x p , and ⌬x i . In this case the fluctuations of the charge density and electric field are, respectively:
Now, introducing Eq. ͑7͒ in Eq. ͑13͒, the variation of the electric field is negligible in the region xуx i , i.e., in the entire space-charge region (x i рxрx n ). In particular, ⌬E(x i )Ϸ0. If M discrete fluctuations take place at points x j inside the space-charge region, the variation of the electric field at this point is
where the summation only takes into account points which obey x j Ͼx i . If they are continuously distributed in the whole space-charge region, then we are able to write
As can be seen, we have related the fluctuations of trapped charge in the depletion region to the fluctuation of the electric field at the separation point between the mobile-charge region and the depletion region in the less-doped side (x i ).
IV. GENERATION-RECOMBINATION CURRENT NOISE
To analyze how the current flowing through the junction is affected by the fluctuation in trapped charge, ␦n T , in a first attempt we could use the results previously obtained for a p -n junction. 17 However, they cannot be directly applied in an asymmetrical junction, due to the appearance of the new layer of mobile charge and the fact that a fluctuation of charge inside the space-charge region produces a redistribution of the charge, not only at the borders of the space-charge region but also of the border of this new layer. The recalculation of the g-r noise in these new cases is what concerns us in this section.
What we do use is the formalism followed in our previous work, 17 where the fluctuations of the electric field are related to the variations in the current, making use of a theory developed by van Vliet. 20 It is based on the transport equations for electrons n, holes, p, and trapped electrons n T , the Poisson equation, and the current equations. The whole set of equations can be found in these references. Here, we present only the new contributions to this theory in order to extend its applicability to highly asymmetric junctions. These equations provide the solution for the dc current and its fluctuation ⌬I total (t):
where ⌬J n (x p ) and ⌬J p (x n ) are boundary conditions at the edges of the space-charge region, n 1 and p 1 are the standard Shockley-Read quantities, c n and c p are the capture coefficients for electrons and holes respectively, G n (G p ) and R n (R p ) are the electron ͑hole͒ generation and recombination rates, ␥ n and ␥ p are the Langevin terms which represent the g-r noise of the transition rates, n s and p s are the electron and hole concentrations in the steady state, and the lifetimes 1 and 2 have been defined as
The following relation clearly follows:
where t is the trap time constant. In the previous formulation, 17, 20 the boundary conditions in the integrals ͑17͒ and ͑18͒ are taken at the edges of the space-charge region as the most characteristic points of the structure. In this case, when a fluctuation in the charge takes place in the spacecharge region, not only do the edges of this region change to maintain neutral, but the new layer of mobile charge is also modified. To relate the variation of any of these three regions to the charge fluctuation inside the space-charge region, a new relation, besides neutrality and constant voltage applied to the junction conditions, would be required. Equation ͑7͒
gives us the solution for the variation of the electric field at the point x i . As the most significant point in this structure, we will fix the boundary condition at x i in the integrals ͑17͒ and ͑18͒:
The fluctuation of the current density at point x i must include two terms, a high-frequency one depending on the diffusion current ͓⌬J n Љ(x i ) and ⌬J p Љ(x i )͔, and a second term depending on the fluctuation of the electric field at this point:
͑26͒
On the assumption that frequencies are much lower than the reciprocal transit times, the first term of these equations is neglected. The fact that low-frequency noise is a powerful method for the determination of traps in semiconductors leads us to focus on this range of frequencies and not to consider the high-frequency components of the following analysis. The desired Norton generator for the fluctuating recombination current is found by integrating Eq. ͑16͒ from x p to x n and inserting Eqs. ͑23͒ and ͑24͒:
The displacement current should also be included, as reported in Ref. 17 . However, since its contribution is significant only at high frequencies, and we are interested in the low-frequency range, it will not be considered here. Defining
Eq. ͑27͒ can be rewritten as
Zdx.
͑29͒
Let the spectrum of ⌬I rec (t) Norton be S ⌬I rec ϭ2qI eq . ͑30͒
To calculate this spectrum we need to evaluate the autocorrelation and correlation functions of the variables X, Y, and Z. With these assumptions, the terminal noise is given by
where S Y ,X (xЈ,xЉ,)ϭS X,Y * (xЈ,xЉ,), S Z,X (xЈ,x 2 ,) ϭS X,Z * (xЈ,x 2 ,) and S Z,Y (xЈ,x 2 ,)ϭS Y ,Z * (xЈ,x 2 ,) have been used. Six terms can be clearly distinguished in Eq. ͑31͒:
I eq ϭI eq,n ϩI eq,p ϩI eq,cross ϩI eq X,Z ϩI eq Y ,Z ϩI eq Z . ͑32͒
Noting that all spectra contain delta functions we can write:
We must evaluate the multiple-fold integrals of Eq. ͑31͒ containing these delta functions. The method to calculate these integrals can be found in the appendix of Ref. 20 . Therefore, to avoid unnecessary repetition, we write the result of each term:
Re͓K XY ͑ x, ͔͒dx, ͑41͒
To obtain the results for the noise, a Fourier analysis of variables ␦n T (x,t), (x,t), (x,t) is carried out, denoting the transformed quantities by n T (x,), (x,), and (x,) respectively. 17, 20 With them, in a second step, variables X(x,), Y (x,), 20 and Z(x,) 17 are calculated, and finally,
Variables X, Y, and Z have the same form as in the general case of the p -n junction. 17 Therefore, the resulting expressions for 17 by Q ͓defined in Eq. ͑46͔͒. The other difference lies in the limits of integration of Eqs. ͑39͒-͑44͒. This point is very important in this case since the evaluation of the low-frequency component of the first three terms of Eq. ͑32͒ is null, I eq,n ϩI eq,p ϩI eq,cross ϭ0, ͑47͒
as well as the summation of the other two cross-terms,
Thus, the only term that remains in Eq. ͑32͒ in the lowfrequency range is
where
the low-frequency spectrum of the current fluctuation in a p ϩ -n junction can be written as
A very interesting case where this expression can be applied is a highly asymmetrical p ϩ -n junction with deep levels located close to the metallurgical junction. 11, 12 They are distributed in such way that, under some bias voltages, they are included in the mobile-charge layer, and under other voltages, part of the centers lie outside this region. Under such conditions, when the deep levels are completely included in the mobile-charge layer ͓N T (x)ϭ0, xϾx i ͔, g-r noise will be null, as is deduced from Eq. ͑52͒. In any other case, g-r noise must be detected. If deep levels were uniformly distributed FIG. 7 . Current noise spectral density in a reverse-biased p ϩ -n junction with deep levels located near the metallurgical junction. Experimental results from Ref. 12 are shown in solid line and our calculation as symbols. Generation-recombination noise at Ϫ10 and Ϫ15 V was not detected experimentally in total agreement with our calculated null values at these voltages. throughout the junction, or not uniformly but extending far from the metallurgical junction, g-r noise would never be null under any bias voltage. In that case, if this indicator did not exist, expressions obtained for p -n junctions in general would give erroneous results if applied to asymmetrical junctions.
If we compare Eq. ͑52͒ with Eq. ͑81͒ of Ref. 17 ͑we reproduce it again as a transcription error was detected͒:
where i BC is
and Q(x):
we can see that Eq. ͑52͒ corresponds to the first term that appears in Eq. ͑54͒. This is the dominant term, as it depends on Q(x) 2 , and Q(x) is a function of the concentration of minority carriers at the borders of the space-charge region. Although defined with the same variable in this work, Q depends on the concentration of electrons and holes at point x i ͓Eq. ͑46͔͒. As x i is very close to x p , the electron concentration will be very similar in both expressions. This is not the case for the hole concentration, since p(x i )ӷp(x n ). If the noise theory of the p -n junction 17 were applied to extract some physical parameters of the p ϩ -n device, such as the trap concentration N T , this parameter would be overestimated. In any case, the physical reason why the expression obtained for a p -n junction cannot be applied in a p ϩ -n junction is the presence of the mobile-charge layer. In the evaluation of the current noise density it is necessary to calculate how the borders of the space-charge region fluctuate when the trapped charge fluctuates inside the depletion region. When a mobile-charge layer is present this layer influences the fluctuation of the borders of the depletion region.
Experimental measurements of low-frequency current noise density in a p ϩ -n junction, with defects close to the metallurgical junction, and at different reverse voltages, can be found in Ref. 12. They measured low-frequency noise at Ϫ10, Ϫ15, Ϫ20, and Ϫ25 V, and extract the g-r noise components from the total noise. We reproduce in Fig. 7 these experimental results for two voltages: V R ϭϪ25 and Ϫ20 V. We also represent in this figure the current noise density calculated using Eq. ͑52͒ and the parameters of the junction given in Ref. 12 : the surface impurity density in the p ϩ -layer is 10 19 cm Ϫ3 , and the donor concentration in the n-side is N D ϭ10 13 cm Ϫ3 . In an effort to provide a simple explanation of these results only one defect was considered with the following characteristics: concentration N T ϭ9ϫ10 14 cm Ϫ3 , distributed in the range xϽ0.6 m, energy level located near midgap, E C ϪE T ϭ0.52 eV, and capture cross-sections n ϭ5ϫ10 Ϫ16 cm 2 , p ϭ6ϫ10 Ϫ16 cm 2 . At the two lowest values of the reverse voltage, the authors detected no generation-recombination component. This was also our case when we calculated the current noise density at the same voltages. Several facts can be highlighted from this agreement. There exists an experimental confirmation of a mobilecharge layer inside the depletion region of highly asymmetrical junctions. Fluctuations of the trapped charge inside this layer do not contribute to the current noise density. If the defects present in the device are completely restricted to this region, the g-r noise is null. In other words, there can be ranges of reverse voltages ͑lower than a certain value͒ where the g-r noise is negligible. In this case, this corresponds to values ͉V R ͉Ͻ15 V. Fig. 5 illustrates this fact: a trap located only some tenths of microns from the external surface of the p-region would be entirely included in the mobile-charge layer at low reverse voltages, not affecting the g-r noise. When the reverse voltage increases, a part of these centers lie outside this layer and its contribution to the noise increases. We can finally conclude that our new expressions serve as a valuable tool to extract parameters in p ϩ -n junctions. In fact, measurements of g-r noise have usually been applied as a medium to test new technologies or for device characterization. Its Lorentzian form helps determine parameters of deep levels present in semiconductor devices, such as position in the band gap, and capture cross-sections. [21] [22] [23] This is a powerful method based on a very simple function ͑a Lorentzian is described by two constants: the value at low frequencies and the corner frequency͒. However, it can lead to miscalculations if these constants are not properly related to the physical parameters of the device and the conditions under which it works. This work therefore introduces new variables in the study of g-r noise in p -n junctions, such as reverse voltages, highly asymmetrical doping concentrations, and complements the theoretical basis of a previous study initiated in forward-biased p -n junctions at different temperatures.
V. CONCLUSIONS
We have re-examined the analytical derivation of the generation-recombination current noise density in a p -n junction. We have focused our attention on the electrical differences between a highly asymmetrical p ϩ -n junction and the well-known p -n junction. In particular, we have dealt with a very thin layer inside the depletion region and close to the metallurgical junction where holes, transferred from the p-side, cannot be neglected. In many applications this layer is unnoticed. However, it is very important when charge fluctuations take place inside the depletion region. We have proved that when a change in the trapped charge occurs in the space-charge region of a p ϩ -n junction, the main modifications of the total charge take place at the p-border of the depletion region and in the mobile-charge layer. The modifi-cation at the n-border of the space-charge region is negligible, although width variation is clearly largest in this region. Taking into account this result, the expression of the g-r current noise density was recalculated for this particular type of junction. It has been demonstrated that only fluctuations of trapped charge in the depletion region of the less-doped side contribute to the noise, with the mobile-charge layer acting as a shield. Due to the size of this tiny region, it may have been thought that it could be neglected. However, devices can be found where defects are present in regions of similar dimensions and the effects of this region are noticeable. Experimental results measured on PIN diodes with defects close to the metallurgical junction confirm our theory.
